Introduction
Leptin is an adipocyte-secreted hormone that regulates the appetite and represents a key factor in the development of obesity, a serious medical, social, and economic problem in modern society. 1, 2 More than 20 years ago, leptin and its receptors were identified as key regulators of body weight and energy homeostasis. A minor increase in leptin concentration reduces the appetite and leads to a decrease in body weight; 3 however, in obesity, despite increased leptin concentration, the efficacy of the anorexic effect of leptin is decreased, 1, 3 with leptin resistance developing due to a defect in intracellular signaling associated with the leptin receptor or decreases in leptin transport across the blood-brain barrier (BBB). 4 Clear criteria for defining leptin resistance and its diagnostic use have not been established. For in vivo studies, it is difficult to elucidate the molecular mechanisms underlying the development of leptin resistance. The majority of studies examining the effects of leptin resistance on various metabolic processes are performed using mice with a defect in the Ob-P leptin-receptor gene. 5 This mutation is rare in the human population, which complicates research on leptin resistance and identification of possible diagnostic markers. Furthermore, when assessing leptin resistance, a number of questions should be answered, including whether the presence of high leptin concentration is sufficient to establish the diagnosis of leptin resistance, what threshold for the weakened response should be considered as leptin resistance, and whether leptin resistance should be defined according to a one-time increase in leptin concentration or to dynamic changes in the concentration over time. 6, 7 Research on the pleiotropic effects of leptin, including those involving the immune system, hemopoiesis, and angiogenesis, and the participation of leptin in the development [12] [13] [14] Because mice harboring a defective ob gene were associated with the development of severe obesity, subsequent research attempted to determine whether mutations in the human form of the gene were associated with obesity in humans. An analysis of the protein structure of leptin isolated from human subcutaneous fat cells was performed in 1995, revealing no differences in its structure between lean and overweight individuals; 15 however, leptin mRNA levels were elevated in the obese subjects. 16 Mutations in the OB gene in humans are extremely rare and result in development of hyperphagia, morbid obesity immediately after birth, and hypothalamic hypogonadism. A study demonstrated that experimental leptin-deficient rodents were protected from diseases associated with hyperleptinemia, whereas the introduction of leptin restored sensitivity and induced obesity. 17 By contrast, in individuals with leptin deficiency, hyperinsulinemia, hyperglycemia, and hypothermia have not been detected, suggesting that obesity in humans is not associated with leptin-specific defects but rather with the insensitivity of leptin-target cells to such defects. 17 Similarly, leptin administration to mice with a defective leptin receptor (genotype: db − /db − , associated with obesity and diabetes) did not affect their appetite or weight.
18,19

Leptin receptors and signaling
Leptin receptors belong to the cytokine class 1 family and are encoded by the db gene in mice. Multiple splice variants of Ob-R mRNA encode at least six isoforms of leptin receptors (LepRa, LepRb, LepRc, LepRd, LepRe, and LepRf), which have a common leptin-binding domain but differ in their intracellular domains. 20 The function of these leptin-receptor isoforms is not well understood, although studies suggest that truncated forms are involved in leptin transport. LepRe does not have a transmembrane domain and is the soluble LepR isoform, which allows LepRe to bind circulating leptin and inhibit leptin transfer. Only Lep-Rb (long isoform) contains the intracellular motif necessary for leptin-mediated activation of the JAK-STAT signaling pathway in the hypothalamus, which makes this isoform the primary cause of leptin-specific effects. 20 LepRb is a typical class I cytokine receptor without the activity of an internal kinase. Instead, the binding of leptin to LepRb allows the recruitment and activation of JAK2, which undergoes autophosphorylation, as well as phosphorylation of three tyrosine residues in LepRb (Y985, Y1077, and Y1138). These phosphorylated residues interact with SH2-domain-containing signaling molecules, which bind to the LepRb-JAK2 complex to promote JAK2 phosphorylation of the signaling proteins and subsequent transmission of leptin-specific signals to second-order neurons located in the nucleus of the hypothalamus. 21 Each of these phosphorylation sites induces a leptin-specific signaling pathway with different physiological functions. Phospho-Y985 activates signaling associated with SHP-2 and MAPK and mediates leptin-specific negative-feedback signals, with Shp2 mutations resulting in the development of early obesity in mice. 22 Additionally, phospho-Y1077 activates STAT5 and mediates the reproductive effects of leptin. The absence of STAT5 in the central nervous system leads to hyperphagia and obesity, whereas the activation STAT5 in hypothalamic neurons suppresses hunger in mice, 23 suggesting that the JAK2-STAT5 pathway is involved in preventing the development of obesity. Phospho-Y1138 activates STAT3 signaling and mediates the main effects of leptin on energy homeostasis and neuroendocrine functions, although this has little effect on reproduction. 24 Additionally, leptin-induced phosphorylation of STAT3 has been used to identify relative changes in leptin sensitivity. 25 STAT3 is subsequently phosphorylated by the LepRb-JAK2 complex, resulting in its dimerization and nuclear translocation where STAT3 dimers act as transcription factors to regulate the expression of target genes, including SOCS3. 26 These findings support leptin-mediated signaling via the JAK2-STAT3 pathway to prevent obesity.
LepRb signaling is associated with two adapter molecules that serve as negative regulators of leptin signaling: SOCS3 and PTP1B. 
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Gruzdeva et al phospho-STAT3, and the SOCS3 protein binds to LepRb Y985 and JAK2 to block leptin transfer in classical inhibitory pathway of the feedback signal. 27 Similarly, PTP1B mRNA levels are elevated following STAT3 nuclear translocation, whereas low levels of PTP1B result in increased leptin-related activity; however, the precise mechanisms involved in PTP1B interaction with LepRb remain unknown. 28 Other genes indirectly regulated by LepRb activity include those encoding several hypothalamic neuropeptides, such as POMC, CART, AgRP, and NPY. 29 interactions between leptin and the hypothalamus Leptin enters the brain through the mechanism of saturating transport, possibly mediated by transcytosis receptors across the BBB. Leptin is too large to cross the BBB by diffusion, and therefore, it requires to be transported via an adjustable, saturable transport system. 30 Although the molecules associated with this leptin-transfer system remain unclear, it is believed that their action occurs independent of LepRb. Cerebral vessels express high levels of truncated forms of ObRa leptin receptors that bind leptin. A study suggested that these leptin receptors are located in the endothelium of capillaries, and that the vascular plexuses of the brain enable leptin transport from the blood to the interstitial tissue of the brain and finally to the cerebrospinal fluid through the BBB. 31 Leptin activates neurons in the retrochiasmatic area and the lateral arcuate nucleus, which innervate sympathetic preganglionic neurons in the thoracic spinal cord and contain CARTs, ventral presumptive nuclei, medial preoptic nuclei, and dorsomedial, ventromedial, paraventricular, and lateral hypothalamic nuclei. 32 Leptin targets in the arcuate, dorsomedial, ventromedial, and ventral pre-amminuclear nuclei are located in close proximity to the medial elevations, where leptin can reach neurons in the adjacent ventrobasal hypothalamus by diffusion. Additionally, the hormone can be transported to the brain via cerebrospinal fluid. ObRa, highly expressed in the choroid plexus, reportedly promotes the transport of leptins from the blood to the cerebrospinal fluid, where leptin concentration is ~100-fold lower than that in plasma, suggesting that cerebrospinal fluid is not the main source of leptin for brain targets. 33 Leptin receptors located on the neurons of arcuate nuclei have been well studied. There are at least two types of neurons located in the arcuate zone of the hypothalamus, with the first type responsible for the synthesis of POMC and the second type responsible for the synthesis of AgRP and NPY. Moreover, these neurons harbor LepRb receptors. 34 POMC synthesis is stimulated in POMC-producing neurons by leptin binding, which subsequently stimulates synthesis of anorexigenic (appetitesuppressant) neuropeptides and α-melanocytostimulating hormone, which reduces weight by binding and activating the receptors MC3R and MC4R. 21 A previous study reported that structural alteration of the MC4R receptor and an insufficient number of MC3R receptors in mice result in leptin resistance and obesity, and that the leptin-specific modulation of the melanocortin system results in decreases in body weight. 21 AgRP and NPY synthesis in the other neuron types induces appetite stimulation, with damage to these neurons responsible for hunger suppression in mice. 24 Leptin inhibits NPY and AgRP synthesis; therefore, leptin-specific activity in the arcuate zone of the hypothalamus via LepRb receptors modulates the synthesis of neuropeptides that prevent the development of obesity.
Mechanisms of leptin resistance
To date, several mechanisms have been identified as potentially underlying leptin resistance. These include a number of molecular and functional alterations characterized by structural changes to the molecule, its transport across the BBB, and the deterioration of leptin-receptor function and signaling ( Figure 1 ).
35,36
Genetic mutations
It is rarely possible to establish the hereditary nature of leptin resistance. Mutations in the OB and DBU genes in humans are extremely rare and cause hyperphagia, obesity soon after birth, and hypothalamic hypogonadism in homozygotes. 37 Such mutations have only been described in three sisters and resulted in the replacement of guanine by an adenine at the splice-donor site of exon 16 and generation of a truncated leptin receptor lacking transmembrane and intracellular domains. 38 Mutant receptors at high concentrations circulate and bind leptin. In addition to these consequences, dysfunctional secretion of thyrotropin and growth hormones can also occur. 39 These findings indicate that mutations in the leptin gene and that of its receptor are not the main factors that induce the development of leptin resistance in the general population.
Altered leptin transport across the BBB
Leptin resistance can also be developed at the BBB, thereby allowing unregulated transport of leptin from the blood to the brain. Brain blood vessels express short forms of OBR, which bind leptin and transport it from blood to the interstitial tissue of the brain and into the cerebrospinal fluid. 40, 41 Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2019:12 submit your manuscript | www.dovepress.com
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At serum leptin levels above the range of 25-30 ng/mL, the concentration of leptin in brain tissues and cerebrospinal fluid does not increase. 42 This phenomenon likely plays a role in the development of leptin resistance and obesity, where excessive levels of leptin in the blood result in decreased BBB permeability. 31 In the spinal fluid of obese individuals, decreased leptin concentrations were observed under these conditions. 43 
Regulation of leptin expression
Leptin concentrations and leptin-related effects are directly dependent upon the transcription of the OB gene; therefore, the factors affecting this can considerably affect the status of adipose tissue and the development of leptin resistance. A decrease in leptin levels in adipocytes might lead to increases in adipose-tissue volume until the required level of leptin is reached. In such cases, serum leptin remains at physiological levels, even when the individual is obviously obese. This phenomenon has been observed in Pima Indians, who display a predisposition to obesity associated with relatively low serum leptin levels. 44 OB expression levels correlate with lipid content in cells and adipocyte size; 29 however, the mechanism underlying the effects of cellular fat levels on leptin production remains unclear. Moreover, cultured adipocytes are capable of storing substantially lower amounts of fat as compared with their capacity in vivo, with this characteristic preventing a more complete understanding of the associated intracellular signaling pathway(s). 45 Additionally, external stimuli, including hunger, overeating, and the circadian rhythm, modulate leptin expression, with nighttime leptin levels elevated by 30% on average. 46 Furthermore, leptin itself plays an important role in the development of its resistance, with this phenomenon termed "leptin-induced leptin resistance". Developing resistance to leptin increases the predisposition of patients to diet-induced obesity, which in turn contributes to a further increase in leptin levels and aggravation of existing leptin resistance in a vicious cycle. 47 Additionally, hypothalamic inflammation, endoplasmic reticulum stress, and autophagy disorders are involved in the development of obesity-associated leptin resistance. 48 The role of inflammation in the development of leptin resistance Given the functional and anatomical relationship between adipocytes and lymphoid cells, it is likely that leptin affects the neuroendocrine and immune systems. Morphologically, the accumulation of lymphoid tissue, including lymph nodes, omentum, thymus, and bone marrow, is associated with adipose tissue. Fat deposits not only exhibit structural, metabolic, and heat-insulating functions but also provide a microenvironment conducive to supporting immune responses. 49 In particular, lymphoid and adipose tissues interact through common mediators known as adipokines, molecules derived from adipocytes that connect metabolism and immune homeostasis (these molecules include leptin, adiponectin, chemokines, and other proinflammatory cytokines). Mattace Raso et al 50 demonstrated that a high-fat diet induces low-grade inflammation in peripheral tissues (especially in adipose tissue and the liver), leading to an increase in inflammatory cytokines, such as IL-6 and tumor necrosis factor (TNF)-α. 
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Leptin is also a proinflammatory cytokine belonging to the family of long-chain helical cytokines and structurally similar to IL-6, IL-12, IL-15, granulocyte colony-stimulating factor, oncostatin M, prolactin, and human growth hormone. Because of its dual nature as a hormone and cytokine, leptin ties the neuroendocrine system to the immune system. A number of studies consider leptin similar to C-reactive protein, IL-1, and IL-6 in its roles as an acute-phase inflammatory protein produced in high concentrations during sepsis and fever, as well as the due to the fact that its production can be induced by other inflammatory mediators, such as TNF-α and IL-1. 51, 52 However, other studies reported no increases in leptin concentration in people with acute experimental endotoxemia, neonatal sepsis, or HIV infections. 53 Leptin-deficient (ob − /ob − ) mice and people with congenital leptin deficiency present both metabolic and immune abnormalities, including abnormal cytokine secretion and thymus hypotrophy. Moreover, leptin deficiency in ob − / ob − mice is associated with immunosuppression and thymus atrophy, which represents a similar pattern observed with acute fasting. 54 A sharp decrease in caloric intake causes a rapid decrease in serum leptin concentration accompanied by a decrease in the delayed-type hypersensitivity reaction and thymus atrophy, which are reversible with the introduction of leptin. 55 Additionally, Farooqi et al 56 reported congenital leptin deficiency in patients with elevated T cell levels; however, these data were refuted in subsequent studies. 57 Moreover, people with congenital leptin deficiency have a much higher mortality rate from infection in childhood, 58 whereas recombinant administration of leptin in children with congenital leptin deficiency normalizes the absolute number of naive CD4+/CD45RA+ T cells and almost restores the response to cytokine proliferation and release from lymphocytes. 56 Furthermore, the effects of leptin on the adaptive immune response have been extensively studied in human CD4+ T cells, with reports indicating differential leptin-specific effects on the production and proliferation of cytokines by naive (CD45RA+), memory (CD45RO+), and CD4+ T cells (all expressing ObRb). Specifically, leptin promotes IL-2 proliferation and secretion by naive T cells but minimally affects the proliferation of memory cells. 59 Despite observation of direct leptin-related effects on immune responses in vitro, its effect on in vivo immune responses remains unknown. T cells are sensitive to nutrient input, such as that by glucose, 60 because they cannot process glycogen, and therefore, depend upon extracellular glucose supplies to meet their metabolic needs. Leptin contributes to the restoration of impaired T cell function caused by hunger via pathways associated with ERK1/ERK2 and PI3K-dependent signaling. 60 In congenital immunity, leptin contributes to the activation and phagocytosis of monocytes/macrophages and the secretion of leukotriene B4, cyclooxygenase 2 (COX2), nitric oxide (NO), and proinflammatory cytokines. 61 Products of the inducible form COX2, prostaglandin, eicosanoids, and NO are involved in the regulation of inflammation, chemotaxis, and the production of cytokines, and therefore, have a significant effect on the immune response. Additionally, leptin can induce neutrophil chemotaxis and the release of oxygen radicals, such as superoxide anion and hydrogen peroxide, which can be especially harmful to cells through their ability to denature proteins and damage membrane lipids via peroxidation of unsaturated fatty acids. In human neutrophils, leptin mediates its effects through an indirect mechanism likely related to the release of TNF-α from monocytes. 62 Additionally, leptin also affects the development and activation of natural killer cells in vitro and in vivo.
63
Establishing criteria for diagnosing leptin resistance
There are currently no methods for effectively assessing leptin sensitivity in a clinical setting. Such sensitivity is reportedly related directly to obesity in general and adiposetissue volume in particular. A typical obese patient can be characterized by increased leptin levels and excessive OB expression in adipose tissue. 64, 65 Therefore, many studies consider hyperleptinemia as a key marker of leptin resistance, [66] [67] [68] and previous associations between abdominal obesity and leptin concentration have been identified as and explained by leptin resistance. 69 However, no clear criteria have been established for the diagnosis of leptin resistance.
It is likely that every person shows an individual reaction to overeating or obesity, with this supported by findings of sexual dimorphism associated with concentrations of circulating leptin 70 and decreases in OB expression levels with age. 71 Additionally, the focus cannot be exclusively on serum concentrations of leptin, as these depend not only on OB expression levels but also on clearance of leptin protein and the presence and activity of its receptors. 72 Based on these findings, many studies suggest that the key markers of leptin resistance can include leptin-receptor mRNA and protein levels, given that the basic metabolic effects of leptin depend primarily upon the number of available receptors. Obesity leads to a decrease in the expression of short and long isoforms of leptin receptors (OBRa and OBRb, respectively) in the hypothalamus, hepatocytes, adipose 
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Gruzdeva et al tissue, and muscles, 73, 74 and in vitro studies demonstrate that leptin-receptor levels are associated with leptin concentration, with subsequent introduction of exogenous leptin to cell cultures resulted in a decrease in leptin-receptor levels. 75, 76 Additionally, a decrease in the concentration of circulating leptin following prolonged fasting is accompanied by an increase in the expression of OBR. 77 Therefore, definition of the free leptin index as describing the relationship between leptin levels and soluble OBR multiplied by 100 is gaining diagnostic value. [78] [79] [80] However, although this index has been in use since 2003, the reference range has not been clearly established, which limits its wider application.
Jacquier et al 81 developed a mathematical approach to the diagnosis of leptin resistance based on the assumption that leptin itself regulates the activity of its own receptors. The model was based on previous models that predicted the dynamics of body weight in rodents, whereas the new model includes the dynamics of leptin, leptin receptors, and the regulation of food intake, as well as body weight, with two stable equilibrium positions: normal body weight with leptin sensitivity and obesity with leptin resistance. Use of this model to analyze the physiological level of adipose tissue showed that constant leptin infusions potentiated a decrease in leptin sensitivity resulting from a decrease in receptor density and leading to increased food intake. The authors suggested a further improvement to the method that involved including the rate of leptin passage through the BBB. 81 Leptin receptors are located in many tissues; however, it has not been elucidated which of these are involved in the development of leptin resistance. 81 No correlation between basal levels of leptin in obesity and the expression of leptin receptors in skeletal muscles (specifically, in the muscles of the upper limbs) has been reported. By contrast, a negative relationship was found between the concentration of plasma leptin and OBRa levels and the expression of OBRb in the hypothalamus and liver of rodents. 82, 83 Additionally, the contribution of distinctly localized fatty tissue to leptin and leptin-receptor levels needs to be examined. In epicardial adipocytes, leptin-secretion levels were found to be higher relative to those of adipocytes from subcutaneous adipose tissue. 84 Therefore, not only the number of leptin receptors but also their localization might contribute to the development of leptin resistance.
Conclusion
Despite its importance as a key factor underlying the development of metabolic disorders, leptin resistance requires further in-depth experimental and clinical study to elucidate its underlying mechanisms and formulate clear criteria for its diagnosis.
